NG2 belongs to the family of chondroitin sulfate proteoglycans that are upregulated after spinal cord injury (SCI) and are major inhibitory factors restricting the growth of fibers after SCI. Neutralization of NG2's inhibitory effect on axon growth by anti-NG2 monoclonal antibodies (NG2-Ab) has been reported. In addition, recent studies show that exogenous NG2 induces a block of axonal conduction. In this study, we demonstrate that acute intraspinal injections of NG2-Ab prevented an acute block of conduction by NG2. Chronic intrathecal infusion of NG2-Ab improved the following deficits induced by chronic midthoracic lateral hemisection (HX) injury: (1) synaptic transmission to lumbar motoneurons, (2) retrograde transport of fluororuby anatomical tracer from L5 to L1, and (3) locomotor function assessed by automated CatWalk gait analysis. We collected data in an attempt to understand the cellular and molecular mechanisms underlying the NG2-Ab-induced improvement of synaptic transmission in HX-injured spinal cord. These data showed the following: (1) that chronic NG2-Ab infusion improved conduction and axonal excitability in chronically HX-injured rats, (2) that antibody treatment increased the density of serotonergic axons with ventral regions of spinal segments L1-L5, (3) and that NG2-positive processes contact nodes of Ranvier within the nodal gap at the location of nodal Na ϩ channels, which are known to be critical for propagation of action potentials along axons. Together, these results demonstrate that treatment with NG2-Ab partially improves both synaptic and anatomical plasticity in damaged spinal cord and promotes functional recovery after HX SCI. Neutralizing antibodies against NG2 may be an excellent way to promote axonal conduction after SCI.
Introduction
NG2 is a structurally unique transmembrane chondroitin sulfate proteoglycan (CSPG) (Nishiyama et al., 1991; Levine, 1994; Stallcup, 2002) . After injury, levels of CSPGs, including NG2, are elevated in the vicinity of glial scar and around injured neurons and their projections in the CNS (Levine, 1994; Zuo et al., 1998; Fawcett and Asher, 1999; Lemons et al., 1999; Jones et al., 2002; Tang et al., 2003; Andrews et al., 2012) . This abnormal accumulation of CSPGs is considered a major inhibitory factor that restricts axonal growth following spinal cord injury (SCI) (Snow et al., 1990; McKeon et al., 1991; Dou and Levine, 1994; Davies et al., 1997; Fidler et al., 1999; Silver and Miller, 2004; Galtrey and Fawcett, 2007) . Digestion of CSPGs with the bacterial enzyme chondroitinase-ABC (Ch-ABC) (Yamagata et al., 1968) enhances axonal sprouting and regeneration in the damaged CNS (Moon et al., 2001; Bradbury et al., 2002; Caggiano et al., 2005; Tom et al., 2009; Alilain et al., 2011; .
We have recently detected a novel function of CSPGs as modulators of axonal conduction. After a lateral hemisection (HX) injury, transmission through unlesioned axons contralateral to the HX injury is dramatically impaired during the chronic stage of injury . The initiation of these physiological deficits coincides with the time of maximal CSPG elevation in the tissue surrounding the HX injury and treatment with Ch-ABC improves axonal conduction through these surviving axons in HX-injured rats (Hunanyan et al., 2010) . Because Ch-ABC can remove the glycosaminoglycan chains from many different species of CSPGs, the identity of the specific CSPGs involved in modulating neurotransmission is unknown. In our search for individual CSPGs responsible for the block of axonal conduction in damaged spinal cord, we found that intraspinal injections of NG2 induced an acute potent block of axonal conduction, but similar intraspinal injections of aggrecan or neurocan did not have this effect (Hunanyan et al., 2010) .
Recently, monoclonal antibodies have been developed that specifically neutralize the inhibitory properties of the NG2 proteoglycan. Application of these antibodies prevent NG2-induced block of axonal growth in vitro (Ughrin et al., 2003) and induce axonal regrowth into the nonpermissive environment of the glial scar in vivo (Tan et al., 2006) . Here, we examined whether intraspinal injections of anti-NG2 monoclonal antibodies (NG2-Abs) may prevent the acute block of axonal conduction induced by intraspinal injections of NG2. We also asked whether chronic administration of NG2-Ab via an osmotic minipump may improve axonal conduction, anatomical plasticity, and locomotor function after chronic HX injury. Some of these results have been reported in abstract form (Schnell et al., 2011a) .
Materials and Methods

Design of experiments and experimental groups
All procedures were performed on adult, female Sprague Dawley rats (ϳ210 g) in compliance with Institutional Animal Care and Use Committee policies at State University of New York at Stony Brook and the Northport Veterans Affairs Medical Center. Four groups of rats were used in chronic experiments for behavior, electrophysiology, and anatomical tracing. Animals in the noninjured group received sham laminectomy and no treatments or injuries; the HX-only group received HX injury at the T10 level and no treatments; the NG2-Ab group received HX injury at T10 followed immediately by surgical implantation of an osmotic minipump to deliver an NG2-Ab mixture of two functionblocking antibodies, 69 and 147 [mouse monoclonal antibodies (Tan et al., 2006) ]; and the control-Ab group received HX injury at T10 and delivery of control NG2 non-neutralizing 132 antibody immediately after surgery via implanted osmotic minipumps. After SCI and pump implantation, animals were evaluated for locomotor recovery for 8 weeks, after which electrophysiological or tracing experiments were performed. An additional six noninjured animals were used for acute electrophysiological experiments. Production, derivation, and specificity of two monoclonal NG2-function-neutralizing antibodies, designated as 69 and 147, and control NG2-function-non-neutralizing antibody 132 used in the current study have been described previously (Ughrin et al., 2003; Tan et al., 2006) .
SCIs and treatment delivery
Animals were deeply anesthetized with 3% isoflurane in 100% O 2 , then transferred to a face mask delivering 1.5% isoflurane in 100% O 2 to maintain anesthesia. A water-circulating heating pad was used to maintain body temperature during surgeries. Dorsal laminectomy was performed to expose T10 spinal cord level. A tip of an iridectomy scissor was inserted through the midline from dorsal to ventral and the left hemicord was completely transected as previously described .
Intrathecal administration of NG2 neutralizing antibody or control (non-neutralizing) antibody was given as previously described (Weinmann et al., 2006; Schnell et al., 2011b) . Briefly, a fine intrathecal catheter was inserted from lumbar L2 and pushed to T10 to deliver a total volume of 2 ml (concentration, 500 g/ml for each antibody) of antibody from an osmotic minipump (Alzet 2ML2; 5 l/h) over 2 weeks. The minipump, placed subcutaneously, was connected to the intrathecal catheter via tubing sutured to the back muscles for stabilization. Antibody treatment was begun immediately after the lesion by rinsing the wound with 1 l of the corresponding antibody using a Hamilton syringe. The muscles were sutured in layers and skin closed with surgical clips, followed by subcutaneous injections of antibiotic (Baytril, 5 mg/ kg), analgesic (buprenorphine, 0.01 mg/kg), and 5 ml of sterile lactated Ringer's solution.
Multiple studies, using a similar delivery technique, have revealed excellent distribution and penetration of antibodies infused intrathecally throughout the spinal cord of adult rats and monkeys (Weinmann et al., 2006) and is currently used in clinical trials to deliver Nogo-A antibody to human spinal cord. The presence of infused NG2-Ab bound to cells expressing NG2 within the lesion penumbra in adult rat spinal cord has been previously confirmed (Tan et al., 2006) .
Reconstruction of the injury epicenter in all animals demonstrated that the mean lesion size was virtually identical for all groups (see Fig. 5 ). Five animals with underhemisection or overhemisection were removed from study (in addition to 4 animals excluded 2 d postinjury based on open-field performance) (see below).
Behavioral assessment
Open-field Basso-Beattie-Bresnahan score. Before injury, but following an acclimation and handling period, locomotor behavior was evaluated with open-field Basso-Beattie-Bresnahan (BBB) score (Basso et al., 1995) . Two days after surgery, animals were scored with BBB test to assess severity of injury. Four animals with less impairment than is typical for lateral HX SCI at this time point Schnell et al., 2011b) were eliminated from the study. Rats were observed in an open field and BBB testing was performed by two independent observers for 4 min. Joint movements, weight support, paw placement, and coordination were evaluated according to the 21-point BBB locomotion scale.
CatWalk gait analysis. Animals were pretrained to cross a special glass runway, where their footprints were captured by a high-speed camcorder. Quantitative assessment of footprints and analyses were done using CatWalk XT software (Hamers et al., 2001 ) (CatWalk, Noldus Information Technology) beginning at 2 weeks postoperation (i.e., time point when animals exhibited weight-supported stepping). Data from three complete runs for each animal were collected and gait parameters, such as stride length and base of support, objective measurements of locomotor deficits after lateral HX injury , were compared between experimental groups.
Electrophysiological evaluation
Animals were deeply anesthetized using a ketamine/xylazine mixture (80 mg/kg/10 mg/kg) injected intraperitoneally for induction and supplemented during experiment with one-fifth initial dose injected intramuscularly if needed. Expired CO 2 and heart rate were continuously monitored. An automatically controlled heating pad was used to maintain animal body temperature at 36.7°C. Dorsal laminectomies were performed at T5-T7 (for placement of stimulation electrode rostral to HX injury) and L1-L6 (for placement of recording and stimulation electrodes at L1 caudal to HX injury).
Intracellular responses (Axoprobe amplifier, Molecular Devices) were recorded from L5 motoneurons and evoked by electric stimulation of ventrolateral funiculus (VLF) at T6 rostral or at L1 caudal to HX injury as described previously . Briefly, motoneurons were impaled with sharp, glass microelectrodes (3 M K-acetate; 50 -70 M⍀ resistance) and identified by their antidromic response to stimulation of the cut L5 ventral root.
Intra-axonal recordings (Axoprobe amplifier; Molecular Devices) were performed from lateral white-matter axons at L1 level [from dorsal surface to a depth of ϳ2 mm (i.e., corresponding to VLF)] using sharp, glass microelectrodes with resistances of 25-50 M⍀, filled with 3 M K-acetate, as previously described (Hunanyan et al., 2011) . Briefly, axons were identified by drop of membrane potential, no changes of action potential (AP) amplitude when the stimulus intensity was changed above threshold to evoke a response, and no underlying synaptic potential (Kocsis and Waxman, 1980) . Axons with membrane potentials more negative than ϳ55 mV were used for analysis. We used an active bridge circuit that allowed simultaneous recording and current injection through the same electrode.
Extra-axonal recordings were performed as previously described (Hunanyan et al., 2011) . Extracellular responses were acquired from L1 lateral white matter at a depth corresponding to VLF using a tungsten electrode (resistance, 300 k⍀; FHC). The electrode was positioned at an angle of 20 -22°to enter the lateral white matter of the cord from vertical in the sagittal plane . Extracellular composed AP volley responses were recorded and 50 consecutive responses were averaged.
For electrical stimulation (using Pulsmaster A300/Stimulus Isolator A360, World Precision Instruments), a tungsten electrode (resistance, 300 k⍀; FHC) was placed in T6 or L1 lateral white matter to recruit fibers located in the VLF. Stimulation electrode was positioned between the dorsal root entry zone and lateral edge at 25°angle via micromanipulator and lowered to the depth of 1.7 mm for T6 and 2 mm for L1 stimulation as previously described Hunanyan et al., 2011) .
Motoneurons used for analysis had a resting membrane potential that ranged from Ϫ45 to Ϫ65 mV. The maximum synaptic response for each cell was determined as previously described . Peak EPSP amplitude was calculated from the prestimulus baseline to the peak amplitude. All signals were digitized at 100 kHz, stored on a PC, and analyzed off-line using PClamp 10 software. We usually recorded 7-8 motoneurons or axons per rat. The peak amplitude of EPSPs from all motoneurons (30 consecutive responses per cell) were averaged over all motoneurons recorded in each rat and compared using one-way ANOVA on ranks (n, number of rats).
Intraspinal injections of NG2 and NG2-Ab during terminal electrophysiological recording
To examine acute effects of NG2 antibody and NG2 on synaptic transmission, intact rats were anesthetized as described above and a laminectomy was performed to expose T6 (for placement of stimulation electrode), T10 (for placement of injection capillary), and L1-L6 (for placement of recording electrode) spinal cord. A custom-made twobarrel pipette was fabricated by gluing together two separately pulled glass pipettes, 20 m diameter each, at an angle of ϳ20°so that the tips were within 10 m of each other. One tip was filled with NG2-Ab and the other tip was filled with NG2. The tip of this two-barrel pipette was positioned in the T10 lateral white matter of the spinal cord using a micromanipulator to ensure that the injections were made in the vicinity of axons being stimulated: the position and depth of the tip of the injecting pipette (at T10) were determined by adding 100 m to the position and depth of the stimulating electrode (at T6) (to account for the greater thickness of the cord in T10).
Retrograde tracing, tissue processing, and cell counting
After completion of behavioral testing, animals from groups dedicated for retrograde axonal tracing experiments were anesthetized with isoflurane as described above. Fluororuby (FR; 10,000 molecular weight; Fluorochrome), 10% in distilled H 2 O (ϳ1.5 l of total volume), was injected into L5 gray matter ipsilateral to HX injury (3 injections at 2, 1.5, and 1 mm from dorsal surface of the cord) with a glass micropipette (20 m diameter) attached to a Hamilton syringe and a micromanipulator. Injection was performed over 5 min to maximize uptake and minimize spilling of the tracer. Muscles and skin were closed and analgesics and antibiotics were administered as described above.
Following a survival time of 2 weeks post-FR injections, rats were given an overdose of urethane and, when completely unresponsive to nociceptive stimuli, were perfused transcardially with 100 -200 ml of 0.1 M PBS containing 0.6% heparin followed by 400 ml of 4% paraformaldehyde in 0.1 M PBS. Spinal cords were removed and postfixed for 1-2 h in the perfusion mixture described above, then rinsed with 0.1 M PBS overnight, and infused with 30% sucrose in 0.1 M PBS for several days for cryoprotection. Spinal cord segments of interest were sectioned on a cryostat at 40 m in the transverse plane and collected onto Colorfrost Plus slides (Thermo Fisher Scientific). Serial order was maintained over five sets of slides. Cresyl violet was used to stain one complete set of serial sections (each section separated by 200 m) for use in determining spinal cord segment level and for injury reconstruction as previously described (Liebscher et al., 2005; . To visualize FR labeling, an adjacent serial set was air-dried overnight, rinsed in 0.1 M PBS to remove embedding medium (Neg 50, Richard-Allan Scientific), dried on a slide warmer at 50°C for half an hour, and then cleared with xylene and coverslipped with DPX.
Sections were analyzed under a Zeiss Axioskop2 equipped with fluorescent capability or a confocal Olympus Fluoview FV1000 microscope. Images were captured with an AxioCam MRm camera (Carl Zeiss) and analyzed with AxioVision Rel 4.8 software. FR-labeled cells were counted in the L1-L2 and T4 -T7 segments (corresponding to the position of stimulating electrodes in electrophysiological experiments).
Immunohistochemistry and image analysis
After completion of electrophysiological experiments, animals were given an overdose of urethane and transcardially perfused. Then spinal cords were removed and postfixed as above. The T9 -T11 spinal segments were prepared for cryostat sectioning and five sets of 20-m-thick longitudinal sections were collected onto slides. One set was stained with cresyl violet for injury reconstruction (details in Hunanyan et al., 2010) and other sets were used for further immunostaining.
Double immunofluorescence staining for CASPR/NG2 and CASPR/Na
ϩ channel and confocal microscopy to evaluate distribution of NG2 in regard to location of Na ϩ channels within nodal gap. For immunofluorescence staining with Caspr/Na ϩ channels and Caspr/NG2, the alternating sections were blocked for 1 h in 6% normal goat serum in PBS containing 0.3% Triton X-100 and then incubated in appropriate primary antibodies: mouse anti-Caspr (1:1000; NeuroMab; in case of double staining for NG2) and rabbit anti-NG2 (1:500; Millipore), or rabbit anti-Caspr (1: 500; Santa Cruz Biotechnology; in case of double staining for Na ϩ channels) and mouse anti-Na ϩ channel-pan antibody [1:1000 SigmaAldrich; found to recognize the major types of Na ϩ channel that cluster at essentially all nodes of Ranvier (Feinberg et al., 2010) ] overnight in 4°C. Sections then washed with PBS (3 ϫ 10 min) and incubated in secondary Alexa Fluor (Invitrogen), goat-anti-rabbit and goat-antimouse secondary antibodies at a 1:1000 dilution for 1 h at room temperature. After incubation in secondary antibodies, the sections were washed in PBS, rinsed in distilled H 2 O and coverslipped with Fluoromount-G (Southern Biotech). Z-stack images from double-stained sections were taken with a Zeiss LSM 510 confocal microscope. We used Caspr/NG2-labeled sections to qualitatively evaluate and quantify number of nodes contacting NG2-positive processes within the fixed area at the lateral edge of the T10 segment across the HX injury at the depth of ϳ1.7 mm (dorsal to ventral) from five sections per animal in each group.
Immunostaining for 5-HT-positive fibers. For immunofluorescence staining with 5-HT, we used transverse sections from the FR experiment (see above). The primary antibody used was rabbit anti-5-HT (1:1000, ImmunoStar) followed by the incubation with secondary antibody goat anti-rabbit Alexa Fluor 488 (1:200, procedures described above). All images were adjusted to eliminate background and account for 5-HTpositive (5-HTϩ) profiles. We quantified immunoreactivity of 5-HTϩ fibers at L1-L5 segments and calculated the thresholded pixel mean intensity and threshold pixel area for images taken with the same exposure settings (Tom et al., 2009 ) with Olympus Fluoview FV1000 confocal microscope using both TRITC and FITC filters within a fixed area of ventral horn.
Statistical analysis
Statistical analyses for electrophysiology, tracing, and behavioral experiments were performed using SigmaPlot 11.0 software (Systat Software). A one-way ANOVA on ranks followed by Tukey's multiple-comparisons post hoc test was used to compare the groups. Data are means Ϯ SE. p Ͻ 0.05 was considered statistically significant.
Results
Intraspinal injection of NG2-Ab acutely prevents the block of axonal conduction induced by acute NG2 administration
In a previous study, we found that intraspinal injections of purified NG2 in the vicinity of axons in lateral white matter of noninjured animals depressed transmission to L5 motoneurons through these axons (Hunanyan et al., 2010 ). In the current study, we examined the ability of the acute administration of NG2-Ab to prevent these inhibitory effects in the intact spinal cord. A two-tip micropipette, one tip filled with NG2-Ab and the other with NG2, was positioned in lateral white matter between the recording and stimulating electrodes (Fig. 1) . After measuring the control intracellular responses evoked by electric stimulation of lateral white matter at T6, the NG2-Ab (1 l) was slowly injected from one barrel and responses were measured again. Thirty minutes following NG2-Ab injection, purified NG2 (Ughrin et al., 2003) was injected from the other barrel and responses were measured again. We found that intraspinal injections of NG2-Ab did not induce changes in the amplitude of intracellularly recorded EPSPs, but prevented the block of EPSPs by subsequent NG2 injection. Amplitude of control intracellular responses was 5.6 Ϯ 0.8 mV; amplitude of intracellular responses after 30 min of Ab injections was 5.7 Ϯ 0.9 mV; and amplitude of intracellular responses after 30 min of NG2 injection (following Ab injection) was 5.5 Ϯ 0.6 mV ( p Ͼ 0.05, n ϭ 6 rats, 7-8 cells/rat). After completion of these injections and recordings on one side of the spinal cord, the stimulating and recording electrodes were removed and positioned symmetrically in the opposite side of the cord and the recordings were performed following injections of NG2 only. A micropipette containing NG2 was positioned between the stimulating and recording electrodes 5 mm caudal off the position of the initial injection at the opposite side of the cord. Under these conditions, intraspinal injections of NG2 induced a depression of the responses recorded intracellularly from L5 motoneurons. NG2-induced depression versus control responses was 72 Ϯ 7% ( p Ͻ 0.05, n ϭ 6). Consistent with the effects of intraspinal injections of NG2 alone in a previous study (Hunanyan et al., 2010) , intraspinal injections of NG2 did not induce immediate changes in the shape of EPSPs, but depressed EPSP amplitude 20 -25 min postinjection. These results show that the acute administration of NG2-Ab prevents the blockade of axonal conduction induced by acute NG2. Moreover, these results demonstrate that the approach of administering NG2-Ab via intraspinal injections blocked the acute inhibitory effects of NG2 on axonal conduction only in the vicinity of the intraspinal injections. This suggests the possibility that intraspinal injections of the NG2-Ab may be useful for local neutralization of NG2 in the areas where needed, such as the site of SCI.
Chronic infusion of NG2-Ab improves synaptic plasticity in damaged spinal cord
Using a clinically relevant intrathecal delivery method, we next examined whether chronic treatment with NG2-Ab improves transmission after a chronic HX SCI. In this study, NG2-Ab was delivered to the vicinity of HX lesion via osmotic minipump chronically for 2 weeks, which corresponds to the time point when accumulation of CSPGs around the HX injury reaches its maximum level . Rats received HX injury and immediately after the HX injury were implanted with a subdural catheter delivering either NG2-Ab or control-Ab from osmotic minipumps for 2 weeks. Eight weeks after surgery and behavioral testing, we recorded intracellularly from L5 motoneurons the responses evoked by electric stimulation of lateral white matter at T6 (i.e., rostral to T10 HX injury) and L1 (i.e., caudal to HX-injury level). We found that in animals that received HX injury and chronic treatment with a control-Ab, responses of L5 motoneurons evoked from both T6 and L1 levels were depressed significantly compared with noninjured animals. The mean amplitude of these diminished responses was 0.8 Ϯ 0.5 mV from T6 and 2.1 Ϯ 0.4 mV from L1 (Fig. 2 , n ϭ 5 rats, 37 cells total) (i.e., similar to the amplitude of corresponding responses in animals that received a HX SCI and no treatment in previous study) (ϳ0.9 mV from T6 and ϳ2.5 mV from L1; . In animals treated with NG2 function-blocking antibody, the amplitude of the responses from T6 increased significantly (1.58 Ϯ 0.38 mV, n ϭ 7, p Ͻ 0.05; Fig. 2 ) compared with controlAb-treated animals or HX no treatment ). The amplitude of responses from L1 was significantly higher as well (3.8 Ϯ 0.6 mV, n ϭ 7, p Ͻ 0.05; Fig. 2 ) compared with HX no-treatment animals (Arvanian et al., 2009) or animals from the control-Ab-treated group (Fig. 2 E) . These results suggest that chronic treatment with NG2-Ab may improve transmission to L5 motoneurons through VLF fibers from rostral and caudal to injury epicenter spinal segments after HX SCI.
Cellular and molecular mechanisms underlying effects of NG2-Ab on transmission deficits in chronically damaged spinal cord
How does NG2-Ab treatment increase transmission through VLF fibers? To examine possible effects of NG2-Ab on the physiological functions of the spared axons, we conducted extracellular recording and intra-axonal recordings from individual axons in L1 white matter in NG2-Ab-treated and control-Ab-treated animals as previously described (Hunanyan et al., 2011) (note that these intra-axonal recordings were taken at a position corresponding to the position of one of the stimulation electrodes described in Fig. 2) . Amplitude of volley responses is known as an excellent marker of axonal conduction (Lloyd, 1949) .
Effects of NG2-Ab on axonal conduction. Recordings of extracellular volley responses from L1 lateral white matter in response to stimulation of VLF axons at T6 (rostral to HX injury) in chronic HX-injury rats showed that the peak amplitude of the volley responses in control-Ab group was diminished significantly (0.11 Ϯ 0.01 mV, n ϭ 6 rats, p Ͻ 0.05), compared with previously reported measures in noninjured rats (ϳ0.3 mV; Hunanyan et al., 2011) . Consistent with NG2-Ab-induced facilitation of synaptic responses (Fig. 2) , chronic HX-injury and NG2-Ab-treated animals exhibited a significantly larger amplitude of the volley responses (0.19 Ϯ 0.02 mV, n ϭ 7 rats, p Ͻ 0.05) compared with HX/control-Ab group (Fig. 3A) . These results suggest that NG2-Ab treatment may improve conduction deficits in spared axons spanning the injury epicenter after chronic HX SCI. However, this extracellular method cannot provide sufficient information about whether the changes in axonal conduc- tion are due to the effects of the neutralizing NG2-Ab on the axonal membrane potential, input resistance, or excitability.
Effects of NG2-Ab on axonal excitability. To test any possible effect of NG2-Ab on the physiological function of the spared axons, we conducted intra-axonal recordings from individual axons in L1 white matter in NG2-Ab-treated and control-Ab-treated animals as described previously (Hunanyan et al., 2011) . Intraaxonal recordings provide precise information about excitability of these axons (Kocsis and Waxman, 1982; Blight, 1983) . These intra-axonal recordings were conducted in the L1 segment; stable recordings from axons at thoracic level were not possible because immobilization of the thoracic cord interfered with breathing.
For each recorded axon, we measured membrane potential and examined membrane properties by applying both hyperpolarizing and depolarizing current steps through the recording electrode (Fig. 3B) . By applying hyperpolarizing steps, we determined axonal input resistance, and by applying depolarizing steps, we determined the rheobase of axons (the minimum depolarization current required to trigger APs), a marker of axonal excitability. Reported rheobase was ϳ0.4 nA in noninjured and ϳ0.8 nA in chronically HX-injured animals (Hunanyan et al., 2011). We found that chronic treatment with NG2-Ab significantly decreased rheobase (i.e., increased excitability) of axons compared with control-Ab-treated animals (NG2-Ab: 0.5 Ϯ 0.1 nA, n ϭ 7 rats/34 axons; control-Ab: 0.9 Ϯ 0.1 nA, n ϭ 6 rats/29 axons; p Ͻ 0.05; Fig. 3B ). The mean input resistance of the axons acquired through hyperpolarizing current pulses was not significantly different in both groups (NG2-Ab, 79 Ϯ 7.2 M⍀; control-Ab, 81 Ϯ 7.6 M⍀; p Ͼ 0.05). The results suggest that chronic treatment with NG2-Ab partially overcomes the diminished physiological state of individual spared axons by increasing the excitability of these axons after chronic HX injury.
Immunostaining for nodes of Ranvier, nodal Na
ϩ channels, and NG2 in white matter contralateral to HX injury The processes of NG2-expressing cells contact nodes of Ranvier (Butt et al., 1999) and exogenous NG2 accumulates along axons and at nodes of Ranvier in intact white matter (Hunanyan et al., 2010) . Because nodes of Ranvier are critical for axonal excitability and the propagation of action potentials along axons (Waxman and Ritchie, 1993), we examined whether changes in excitability of spared axons revealed by electrophysiological experiments above were associated with changes in the presence of NG2 in the vicinity of Na ϩ channels. To visualize the distribution of NG2-positive processes in relation to nodal Na ϩ channels, we used double staining with Caspr/NG2 and Caspr/Na ϩ channels (Pan-Na). Double immunostaining with Pan-Na and Caspr revealed clusters of Na ϩ channels in virtually all nodes of Ranvier between Caspr-labeled nodal doublets (Fig. 4 A) . Examination of sequence of individual confocal Z-slices suggests that Na ϩ channels cluster within the nodal gap in spared VLF axons contralateral to chronic HXinjury white matter as they do in injured control animals (Fig.  4 D) . Double immunostaining with NG2 and Caspr revealed the NG2-positive processes (probably of oligodendrocyte progenitor cells) contralateral to HX-injury white matter. Many of these NG2-positive processes appeared to be in close contact with nodes of Ranvier (Fig. 4 B) . The examination of individual confocal Z-slices (Fig. 4 E) suggests location of NG2-positive processes within the nodal gap, corresponding to the location of nodal Na ϩ channels in alternating sections. Note that because the infused NG2-Ab was monoclonal mouse antibody (Tan et al., 2006) , immunostaining of NG2 using secondary antirabbit antibody shown in Figure 4 would detect only primary rabbit anti-NG2 antibody used for NG2 staining, but not the infused NG2-Ab.
Comparison of sections double stained for Caspr and NG2 from injured and noninjured cords revealed a significantly higher number of nodes with close contacts with NG2-positive processes in injured animals (Fig. 4 F) . These results suggest that a possible interaction of NG2 with Na ϩ channels within the nodal gap may underlie the blocking effects of NG2 on the physiological properties of spared axons during the chronic stage of HX SCI. Qualitative comparison of sections from NG2-Ab and controlAb-treated animals revealed a trend for decrease in the number of nodes contacting NG2-positive processes in NG2-Ab-treated animals. However, NG2-Ab and control-Ab groups did not show statistically significant quantitative differences in the paranodal distribution of Na ϩ channels and NG2 between these two animal groups (Fig. 4, p ϭ 0.47) . Thus, it seems that the observed increase in electrical excitability in the NG2-Ab-treated cases is not due to a change in the distribution of NG2ϩ process at nodes of Ranvier. We cannot rule out change in nodal ultrastructure, however, and further electronmicroscopy studies must be conducted to understand possible mechanisms underlying effects of NG2-Ab on axonal conduction.
In a control experiment, to examine whether the infused NG2-Ab was still present at the nodes after 6 weeks following removal of the minipumps, we stained the alternating sections with secondary Alexa-Fluor 488 anti-mouse antibody without the primary antibody. There was no detectable signal (data not shown). These results are consistent with previous observation (Tan et al., 2006) that showed that the infused antibody bound to the NG2-positive cells in the injured spinal cord at 3 d postinfusion was not detectable after 2 weeks postinjury survival times. Thus these results demonstrate that functional effects of NG2-Ab on axonal conduction last beyond the time of infusion of NG2-Ab.
Neutralization of NG2 by NG2-Ab improves anatomical plasticity FR retrograde transport
To study whether the beneficial effects of NG2-Ab on synaptic transmission may be associated with improved anatomical plasticity, we used the retrograde axonal transport of FR to examine intraspinal connectivity rostral and caudal to the lesion site. In an attempt to label interneurons whose somata are in thoracic (T4 -T7) and high lumbar (L1-L2) segments and whose axons extend to the L5 motor neurons, we conducted the following tracing experiments. Eight weeks after injury, FR was injected into L5 gray matter ipsilateral to HX injury at the level corresponding to the position of the recording electrode in electrophysiological experiments. Two weeks after FR injections, we assessed the distribution of labeled cells in lumbar (L1-L2 segments, caudal to HX injury) and thoracic (T4 -T7 segments, rostral to HX injury) gray matter, at the levels corresponding to the position of stimulation electrodes in lateral white matter in electrophysiological experiments. As in the electrophysiological experiments, we used four animal groups: (1) noninjured (n ϭ 5), (2) HX injury with no treatment (n ϭ 5), (3) HX injury and control-Ab (n ϭ 6), and (4) HX injury and NG2-Ab (n ϭ 6).
In noninjured animals, we found many tracer-filled neurons in lumbar L1-L2 segments; fewer, but still many neurons were retrogradely traced in T4 -T7 segment (Fig. 5A ). These FRlabeled neurons are most probably commissural propriospinal neurons projecting from upper (T4 -T7 and L1-L2) spinal segments to lower (L4 -L5) segments through VLF, as previously suggested (Conta and Stelzner, 2004; Reed et al., 2006 Reed et al., , 2009 ). There was a dramatic reduction in the number of labeled cells in both L1-L2 and T4 -T7 spinal segments of injured animals compared with noninjured control animals (Fig. 5) . The total mean number of labeled cells in L1-L2 segments was 325 Ϯ 13 in noninjured versus 106 Ϯ 15 in HX-injured rats ( p Ͻ 0.05). In thoracic T4 -T7 level, the number of FR-filled cells was 32 Ϯ 2 in noninjured controls and only a few cells (2 Ϯ 0.7) were retrogradely labeled in HX-injured rats ( p Ͻ 0.05, Fig. 5 ). In the HXinjured control-Ab group, the total number of FR-labeled cells at both L1-L2 (112 Ϯ 14) and T4 -T7 (2.6 Ϯ 1.2) levels was also reduced dramatically compared with the noninjured cord and was not significantly different from the HX-only group. Importantly, the total number of FR-filled cells in L1-L2 segments of NG2-Ab-treated animals was significantly higher (231 Ϯ 26) compared with both the HX nontreated (ϳ106 cells) and control-Ab (ϳ112 cells) groups ( Fig. 5 ; p Ͻ 0.05). It should be noted, however, that the number of labeled cells in T4 -T7 segments in the HX NG2-Ab group remained extremely low and it was not significantly different from the number in HX nontreated and HX-injured control-Ab-treated groups (Fig. 5) These results suggest that neutralization of NG2 may either prevent cell death, partially preserve axonal connections between segments L1 and L5, or restore/maintain axonal transport in these nerve fibers. These anatomical results are in a good agreement with electrophysiological recordings (Fig. 2) demonstrating the enhanced synaptic plasticity in the L1-L5 segment of the injured spinal cord. any effects of NG2-Ab treatment on sprouting and regeneration. As shown in Figure 5 , there was significantly higher 5-HT immunoreactivity in ventral areas of L1-L5 segments in rats that received HX injury and NG2-Ab treatment versus the control-Ab group. These results suggest that treatment with NG2-Ab can result in enhanced density of fibers around neurons caudal to the lesion. Descending serotonergic inputs are known to be involved in locomotion function (Jordan et al., 2008) , and recovery of 5-HT immunoreactivity in damaged spinal cords, particularly at lumbar levels, was shown to correlate with locomotor recovery following spinal cord injury in rats (Saruhashi et al., 1996; Kim et al., 2006; Jeong et al., 2011) .
5-HT immunoreactivity
Behavioral recovery
To examine whether improvements of synaptic transmission and anatomical plasticity in spinal circuits induced by NG2-Ab correlate with better recovery of function, we have conducted a set of behavioral tests. (Hains et al., 2001; Ballermann and Fouad, 2006; Courtine et al., 2008; , during the first 2 weeks posthemisection, animals showed partial recovery of locomotor functions, reaching a plateau after ϳ3 weeks. During recovery phase at weeks 2 and 3 postinjury, NG2-Ab-treated rats showed significantly better ( p Ͻ 0.05) recovery of locomotor function versus control-Ab-treated rats (Fig. 6) . However, beginning at 4 weeks and continuing through week 8, no significant differences were observed between groups in BBB locomotor score (Fig. 6) . It is important to note that the quasiquantitative BBB scoring has been widely used for evaluating the loss of function and recovery following injury and is particularly useful for locomotor evaluation during the initial days postinjury, when other challenging tests cannot be performed because of lack of adequate locomotor function. However, the BBB protocol was not sensitive enough to assess the subtle improvements that result from treatments after thoracic HX injury in rodents because of the robust spontaneous recovery of locomotor function that takes place after this type of injury (Courtine et al., 2008; Schnell et al., 2011b) . Therefore all animals were also tested in more sensitive tests.
BBB
Consistent with previous reports
CatWalk gait analysis
Gait parameters are considered to be a sensitive assessment of locomotor function in the case of HX SCI (García-Alías et al., 2011). We therefore measured locomotor function using the CatWalk device starting from week 2, when weight-support stepping of four paws was evident. All injured animals showed significant impairment compared with noninjured animals (Fig. 6) . Control-Ab-treated and HX nontreated animals showed same impairment and similar pattern of recovery in both base-ofsupport distance (HX injury only: 31.6 Ϯ 1.2 mm; HX/controlAb: 31.8 Ϯ 1.8 mm at 8 weeks postinjury; noninjured, 22 Ϯ 1.3 mm) and stride length (HX injury only: 93.2 Ϯ 6.2 mm; HX/ A, BBB open-field locomotor scores. At 2 d postinjury, animals from both groups showed similar scores, indicating consistency of injury. At 2 and 3 weeks postinjury, NG2-Ab-treated animals showed significantly better performance compared with control-Ab-treated rats. Starting at 4 weeks, however, no significant difference was found between groups in BBB score. B, CatWalk gait analysis showed that treatment with NG2-Ab improved base of support of hindlimbs. C, CatWalk gait analysis showed that NG2-Ab-treated group demonstrated significant improvement in stride length of forelimbs compared with control-Ab-treated and HX-only groups. Asterisks represent significant difference between corresponding bars ( p Ͻ 0.05). Note that results of CatWalk analysis demonstrate that, beginning from 2 weeks and through 8 weeks postinjury (last time point of experiment), animals from NG2-Ab group showed significant improvement of function compared with control-Ab-treated or HX-only group. Note that control-Ab-treated group did not show any difference versus HX-only group on any test.
control-Ab: 92 Ϯ 4.7 mm at 8 weeks postinjury; noninjured, 127 Ϯ 3.4 mm). NG2-Ab-treated animals showed significant improvement of function, which was evident by narrower base of support and an increase in stride length compared with control-Ab treated starting from week 2 and throughout the experiment for base of support and stride length at 8 weeks postinjury (base of support at 8 weeks postinjury: NG2-Ab, 25.6 Ϯ 1.8 mm; control-Ab, 31.8 Ϯ 1.5 mm, p Ͻ 0.05; Fig. 6 A; stride length at 8 weeks postinjury: NG2-Ab, 109.6 Ϯ 5.9 mm; control-Ab, 92 Ϯ 4.7 mm, p Ͻ 0.05; Fig. 6 B) .
Discussion
Here, we demonstrated that (1) acute administration of NG2-Ab prevented the acute blocking effects of exogenous NG2 on axonal conduction and that (2) chronic infusion of NG2-Ab using osmotic minipumps improved transmission to lumbar L5 motoneurons through spared VLF axons in chronically injured spinal cord. Consistent with the beneficial effects of NG2-Ab on synaptic transmission in damaged spinal cord, NG2-Ab treatment increased the excitability of these axons, promoted anatomical plasticity in lumbar segments, and improved locomotor recovery.
Because CSPGs are essential components of the extracellular matrix, neutralization of a single CSPG family member has been proposed to be more beneficial than degrading all CSPGs (Zhou et al., 2001; Brakebusch et al., 2002; Bartus et al., 2012) . Among the CSPGs elevated in the vicinity of the glial scar, NG2 has been implicated as a major obstacle to axonal regeneration following brain and spinal cord injury (Levine, 1994; Fidler et al., 1999; Jones et al., 2002) . In addition to its function as a key inhibitory molecule of axonal regeneration and sprouting, NG2 was found to block axonal conduction (Hunanyan et al., 2010) . The results of the current study revealed that acute intraspinal injections of NG2-Ab, before injections of NG2, prevent the ability of NG2 to block axonal conduction (Fig. 1) . These results strongly suggest that delivery of NG2-Ab may be a potent tool for the neutralization of the inhibitory function of NG2 on axonal conduction leading to increased synaptic plasticity in spinal circuits where levels of NG2 are elevated.
Effects of NG2-Ab in chronically HX-injured spinal cord
Results of the current study demonstrate that chronic administration of NG2-Ab improved diminished synaptic transmission to lumbar L5 motoneurons through spared VLF axons (Fig. 2) , most probably by enhancing excitability of these axons (Fig. 3) and by promoting anatomical plasticity (Fig. 5) after chronic HX injury. The effects of NG2-Ab on synaptic plasticity in lumbar segments of the damaged spinal cord were tightly correlated with the effects of NG2-Ab on anatomical plasticity. Using anatomical tracing and 5-HT immunoreactivity, we found an increased number of FR retrogradely labeled cells and an increased density of 5-HTϩ fibers in lumbar segments in chronically HX-injured and NG2-Ab-treated animals (Fig. 5) .
Enhanced transmission to L5 motoneurons through uncut VLF fibers spanning the injury epicenter (Fig. 2) and improvements in both synaptic plasticity (Fig. 2) and anatomical plasticity (Fig. 5) in the lumbar circuits are associated with better functional recovery in the chronic NG2-Ab-treated animals (Fig.  6 ). The importance of improved plasticity in the lumbar circuitry cannot be underestimated. In damaged spinal cord, supraspinal regeneration is absent or minimal (Houle, 1991; Xu et al., 1995 , Guest et al., 1997 . Thus, the goal of enhancing the regeneration of damaged propriospinal fibers around the lesion (Bareyre et al.,
2004) or sprouting of spared propriospinal axons caudal to the injury epicenter (Courtine et al., 2008) are more achievable alternatives for recovery of function after injury. L5 motoneurons in the adult rat lumbar spinal cord directly innervate the hindlimb muscles (White and Barnes, 1975) . More rostral L1-L2 segments contain critical central pattern generator circuitry (NicolopoulosStournaras and Iles, 1983; Cazalets et al., 1995; Magnuson et al., 1999; Rossignol et al., 2006) and play a key role in the recovery of hindlimb locomotion after complete spinal cord transection (Gerasimenko et al., 2002; Edgerton et al., 2004; Boyce et al., 2012) and partial injuries (Barrière et al., 2008) . Consistent with our results demonstrating rigorous retrograde transport of FR from L5 gray matter to neurons in ipsilateral and contralateral ventral horn of L1-L2 segments (Fig. 5) , the descending commissural interneurons located in the rodent L2 ventral horn and projecting ipsilaterally and contralaterally to lower lumbar segments have been previously described (Butt et al., 2002) . Importantly, these neurons play an essential role in coordination during locomotion (Magnuson et al., 1999; Kiehn, 2006) .
Thus, improved synaptic and anatomical plasticity of the short propriospinal neurons within lumbar segments induced by NG2-Ab treatment may have translational potential for improving function after partial SCI.
How does NG2-Ab execute action on synaptic transmission?
NG2 is a unique transmembrane CSPG. The short intracellular domain of NG2 binds various signaling molecules that may link NG2 to synapses and the cytoskeleton. The large extracellular domain (290 kDa) contains at least one covalently attached chondroitin sulfate glycosaminoglycans (GAGs) disaccharide sugar chain (Nishiyama et al., 1991; Stallcup, 2002; Trotter et al., 2010) . The cleavage of the GAGs from the protein core with Ch-ABC can partially neutralize the inhibitory nature of NG2 on the neurite growth and on the growth-cone collapse (Ughrin et al., 2003; Laabs et al., 2007) . The core protein of NG2 also contributes to the inhibition of neurite growth (Dou and Levine, 1994; Ughrin et al., 2003; Yiu and He, 2006) . In vivo, the treatment with NG2-Ab that binds and neutralizes the NG2 proteoglycan was found to induce regeneration and growth of mechanosensory axons into the nonpermissive environment of the glial scar (Tan et al., 2006 (Tan et al., , 2007 .
The inhibitory function of NG2 on axonal conduction is associated with an accumulation of CSPGs in the vicinity of HX injury . In the peripheral nervous system, deposition of NG2 was found at nodes of Ranvier (Martin et al., 2001) . In CNS, NG2 has been detected on the surface of oligodendrocyte precursor cells (Levine and Nishiyama, 1996) , which are known to have processes at nodes of Ranvier (Butt et al., 1999) . However, the functional significance of presence of NG2 in close contact with the nodes is unknown. Our current experiments using double immunostaining with Caspr/NG2 and Caspr/Na ϩ channels revealed NG2-positive processes within nodal gap in many nodes of Ranvier at the location of Na ϩ -channel clusters within these nodes (Fig. 4) , which are known to be directly involved in propagation of action potentials along the spinal cord axons (Wang et al., 1997; Black et al., 2006) . We hypothesize that NG2-Ab may bind to NG2 on glial cell surfaces and in the extracellular matrix and may prevent an interaction of critical regions of the NG2 core protein with neurons and axonal nodes in the damaged spinal cord and may thus neutralize the inhibitory function of NG2 on axonal conduction. Alternatively, binding of the antibody to NG2 stimulate internalization and/or phagocytosis of antigen-antibody complexes reducing the accu-mulation of NG2 at cell surfaces and in the extracellular matrix. Further investigation is needed to better understand the molecular and cellular mechanisms underlying the inhibitory function of NG2 on axonal conduction and synaptic transmission, as well as the molecular and cellular mechanisms that enable NG2-Ab to block that function.
Expectations to further improve effects of NG2-Ab on recovery
Our results demonstrate that treatment with NG2-Ab appears to be an excellent approach for enhancing anatomical and synaptic plasticity in lumbar spinal cord following HX injury. However, treatment with NG2-Ab alone did not affect the negligible number cells in thoracic T4 -T7 segments projecting to L5 and induced minor (although sufficient) improvement of locomotor function.
Consistent with these limited effects of NG2-Ab alone on locomotor function, treatment with Ch-ABC alone, although found to improve axonal sprouting, induced little or no recovery of locomotor function following contusion SCI (Tom et al., 2009; Harris et al., 2010) and lateral HX injury at thoracic (Hunanyan et al., 2010) and cervical (Alilain et al., 2011) levels. More promising therapies for spinal cord repair can be expected when strategies incorporating inhibition of CSPGs are combined with neurotrophic support (Massey et al., 2008; Lee et al., 2010; , peripheral nerve graft implantation (Houle et al., 2006; Karimi-Abdolrezaee et al., 2010; Alilain et al., 2011 ), or rehabilitation (García-Alías et al., 2009 . Restoring function after spinal cord injury through the multipronged approach of combining NG2-Ab with neurotrophin delivery and/or rehabilitation is our next task.
In conclusion, our results demonstrate that prolonged treatment with NG2-Ab may be an excellent tool for improving synaptic and anatomical plasticity after partial midthoracic SCI. These results provide a solid foundation for suggesting that NG2-Ab can be a very important and useful part of a combinatorial treatment. We expect that therapies based on combining neutralization of NG2 molecules with appropriate neurotrophic support will be an effective strategy to promote recovery of locomotor function.
